diagnosed with various respiratory infections, specifically sinusitis and pneumonia, skin infections (cellulitis, herpes zoster), cystitis/ pyelonephritis UTI, and gastroenteritis that were similar to significant excesses of AML/MDS linked to these infections found in community population studies.
NEDDylation controls the ubiquitination and proteasomal degradation of proteins that are critical for cell survival, oncogenic transformation and therapeutic sensitivity, including p27,`CDT1, IκBα, NRF-2, cyclin E, c-Myc, p53 and hypoxia-inducible factor-1α. 1 Aberrant NEDDylation has been implicated in malignant pathogenesis and drug resistance, thus providing strong rationale to develop strategies to disrupt this specific mechanism of protein turnover for cancer therapy. MLN4924 (Pevonedistat) is a first-in-class inhibitor of NEDDylation that has been evaluated in Letters to the Editor multiple phase I trials. 2 Despite its robust effects in preclinical models of acute myeloid leukemia (AML) and preliminary efficacy in patients with relapsed/refractory AML and high-risk myelodysplastic syndromes (MDS), the specific pharmacodynamic effects that mediate the antileukemic activity of MLN4924 have not been completely defined and no predictive biomarkers of clinical sensitivity to MLN4924 have been validated. [3] [4] [5] Advanced proteomic profiling methods represent a powerful tool to determine specific protein signatures of individual cancers. In solid tumors, shotgun proteomics has rapidly become a validated approach to monitor changes in protein makeup for early detection and treatment guidance. 6 We conducted comprehensive protein profiling of MV4-11 FLT3 ITD+ cells to determine the global impact of inhibiting NEDDylation with MLN4924 on the AML proteome. Cells were treated with MLN4924 (1 μM) for 24 h, and samples were processed for proteome quantification as previously described (Supplementary Methods). 7 Three thousand eight hundred and twelve unique proteins were detected in vehicle and MLN4924-treated MV4-11 cells (Figure 1a) . Using a twofold pharmacodynamic change cutoff and a ratio of 1 unique peptide, 47 proteins were significantly upregulated following MLN4924 treatment (P o 0.05, Table 1 ). The effects of MLN4924 treatment on the levels of selected proteins (NEDDylated cullins, free NEDD8, CDT1, CDKN1B (p27), WEE1, HMOX1, NQO1, RRM2, BRD2, and TXNRD1) were confirmed by immunoblotting (Figure 1b) . As expected, MLN4924 triggered increased levels of many established cullin-dependent substrates. Known cullin-RING ligase substrate proteins that were upregulated two or more fold in response to drug treatment included WEE1, CLSPN, CDT1, CDKN1B (p27), MORF4L2, MRFAP1, MORF4L1, KEAP1, NUSAP1 and MLX. Other notable factors whose levels were modulated by MLN4924 treatment included the cell cycle progression 1 CCPG1, the electron transport chain component NQO1, regulators of cellular redox status (GSR, GLUL, GCLM, TXNRD1 and HMOX1), the DNA helicase DNA2, the DNA replication factor ESCO2, the regulator of p53 stability KIAA0101 and the heat shock proteins (HSBP1, DNAJB4). Several of these proteins such as CDT1 have been implicated as mediators of DNA re-replication and DNA damagemediated apoptosis that are stimulated by MLN4924 treatment and responsible, at least in part, for the antineoplastic effects of this agent. 8, 9 Reactome network analysis of the 47 top proteins whose levels were increased two or more fold by MLN4924 treatment demonstrated that the affected proteins primarily clustered in the cell cycle, mitosis and stress response pathways (Supplementary  Table S1 ). We also merged our proteomic profiling of MV4-11 AML cells with a comprehensive SILAC analysis performed in A375 melanoma cells similarly treated with MLN4924. We determined that 36% (17/47) of the proteins that were pharmacodynamically increased by MLN4924 were identical between the two analyses. 9 The proteins that differed between these two studies are detailed in Supplementary Table S2 . Considering that the majority (nearly two-thirds) of the proteins that were modulated by drug treatment were distinct in this analysis, the repertoire of proteins that are modulated by this agent may be tumor-type dependent. 7, 9 It is possible that the spectrum of affected targets in individual tumors may be important in determining sensitivity to MLN4924 as patients with MDS/AML have responded better to this agent than those with other malignancies based on initial phase I studies. 2 We conducted an extensive literature search to identify potential genetic interactions and therapeutic implications of the proteins significantly affected by MLN4924 treatment in AML (Supplementary Table S3 ). Notably, several of the proteins modulated by MLN4924 in our study could represent biomarkers for patient stratification. For example, the helicase DNA binding protein CHD3 (fold change: 2.23) was reported to be upregulated in patients with MYST3-CREBBP AML or AML with a monocytic phenotype and high FLT3 expression that experienced short complete remissions following conventional therapy. 10, 11 Considering this, it would be worthwhile to investigate whether patients with high basal CHD3 levels derive less benefit from treatment with MLN4924. We also detected drug-induced changes in 27 members of the RNA helicase family including the newly discovered DDX41, which has been found to be mutated in patients with AML and MDS (Supplementary Table S4) . 12 Out of these 27 helicases, DDX24 and DDX54 were most increased (1.74-and 1.51-fold, respectively). Notably, DDX24 was also upregulated (41.8-fold) in A375 melanoma cells following MLN4924 treatment. 9 Although the impact of drug treatment on individual helicases fell below our set threshold of significance, the collective data suggest that MLN4924 may have a previously undefined class effect on RNA helicase function. Further investigation is required to assess whether NEDD8 plays a novel role in the regulation of RNA helicases and to determine how this may impact MLN4924 efficacy.
In addition to its potential value in refining patient characteristics that are linked to drug sensitivity, the proteomic technology we utilized may also facilitate the selection of rational combination partners for optimal therapeutic benefit. Notably, a number of the pharmacodynamic targets that were elevated in response to treatment with MLN4924 are directly actionable with existing approved and investigational drugs (Supplementary Table S3 ). We hypothesized that the ability of azacitidine (AZA) to antagonize ribonucleotide reductase (RRM2), a well-established mediator of resistance to many cytotoxic anticancer agents, may translate into increased sensitivity to MLN4924. 13, 14 To investigate this possibility, we first tested the ability of AZA to antagonize MLN4924-mediated RRM2 induction. Immunoblotting analyses showed that AZA effectively countered the pharmacodynamic-related increase in RRM2 in both MOLM13 and MV4-11 AML cells (Figure 1c ). Subsequent analysis of the effects of the AZA/MLN4924 combination on the viability of a panel of seven AML cell lines demonstrated that the reduction in RRM2 expression was associated with a synergistic (CIo1.0) reduction in cell viability in all models evaluated (Figure 1d) . The in vitro synergy we observed was recapitulated in a FLT3-ITD+ AML xenograft model where administration of the AZA/MLN4924 combination yielded significantly greater benefit than either monotherapy (Po0.05, Figure 1e ). Analysis of specimens obtained from mice in each treatment group showed that the combination effectively suppressed RRM2 expression in vivo and led to a significantly greater reduction in AML cell proliferation (proliferating cell nuclear antigen) and elevated levels of apoptosis compared with single agent treatments (Po0.05, Figures 1f and g ). These findings demonstrate proof of concept that proteomic profiling is a valuable approach to identify rational promising drug combinations and also support the investigation of a potential relationship between RRM2 expression and clinical response in the ongoing trial of MLN4924 plus AZA in elderly patients with AML (NCT0181426).
In addition to AZA, our data also suggest a number of other potential combination partners for MLN4924. For example, the ability of MLN4924 to increase BRD2 levels may heighten the sensitivity of AML cells to BET inhibitors, such as OTX015. 15 We are currently assessing this possibility in preclinical models of AML. Considering that OTX015 and other BET inhibitors are currently in clinical trials, novel combination approaches with MLN4924 could be seamlessly incorporated into existing studies. In summary, our study demonstrates that highthroughput proteomic technology is a powerful tool with potential applications in patient refinement and in the identification of rational actionable targets for precision combination therapeutic strategies. These findings support the implementation of high-throughput proteomics as a synergistic complement to genomics in novel anticancer drug development.
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